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We present the constraints on the effective kinetic mixing parameter κ of dark photon with two p-
type point-contact germanium detectors of CDEX-10 experiment at the China Jinping Underground
Laboratory. We determine the exclusive limits on the κ of solar dark photon from the 205.4 kg×day
exposure at 90% confidence level, probing new parameter space at masses of 10 to 300 eV in direct
detection experiments. Considering dark photon as a dark matter candidate, the constraints for
dark photon masses within 0.1-4.0 keV are set from the 449.6 kg×day data, with a minimum of
1.3×10−15 for 200 eV dark photon dark matter at 90% confidence level.
Introduction. Since extensive cosmological and astro-
physical observations, such as the cosmic microwave
background, the bullet cluster and so on, confirm the
existence of the missing mass of the universe, the exten-
sions on the standard model (SM) are greatly motivated
with the need of dark matter (DM) to explain the dis-
parities between SM and observations at different scales.
Although the physical nature of DM is still mysterious,
according to some theoretical models, substantial exper-
imental efforts have been made to detect hypothetical
DM particles. An attractive option of these models in-
troduces the dark photon as a potential hidden particle to
explain DM mystery. Dark photon probably acts as not
only a fascinating DM candidate whose mass is around
several keV, but also the interaction mediator between
DM and the SM particles [1–4]. To describe the prop-
erties of dark photon, especially the interaction between
dark photon and the SM particles, the effective kinetic
mixing parameter κ is introduced [5].
The gamma sources in the universe with great emission
power contribute to the dark photon investigations due
to oscillation between visible and dark photons. While
some researchers use laser experiments instead [6], there
are two main approaches, i.e. astrophysical observations
and direct detection experiments at the underground lab-
oratories, to detect dark photon. The former method uses
the helioscopes receiving dark photon from stars or cos-
mic microwave background [7]. The latter, such as DM
direct detection or neutrino experiments [8, 9], has the
capability of detecting possible dark photons [10].
CDEX-10 experiment. The second phase of the China
Dark Matter Experiment (CDEX-10), aiming at search-
ing for light DM, is based on the 10-kg scale p-type point
contact germanium (PPCGe) detector array at the China
Jinping Underground Laboratory (CJPL) with a rock
overburden of 2400 meters [11–15]. The detector array,
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2consisting of three triple-element PPCGe strings (named
C10-A, B, C, respectively), is designed to be directly im-
mersed in liquid nitrogen (LN2) and surrounded by the 20
cm thick high-purity oxygen-free copper as passive shield
against ambient radioactivity. The whole LN2 tank with
an outer diameter of 1.5 m and a height of 1.9 m as well as
the data acquisition system are placed in a polyethylene
room with 1 m thick walls at CJPL-I [16, 17]. Five chan-
nel signals with different shaping or gain parameters are
assigned for each of the PPCGe detector to achieve ade-
quate event information. The configuration of the detec-
tor system and more detailed descriptions can be found
in Ref. [16, 17]. Among these nine PPCGe detectors,
two of them with good performance in different strings,
named C10-B1 and C10-C1 respectively, were operated
simultaneously from February 2017 to August 2018, giv-
ing a raw dataset of 363.9 days.
Careful data selections were carried out independently
for the two detectors to reject data of bad quality. The
survival data size after data screenings for C10-B1 and
C10-C1 are 234.6 days and 276.8 days, respectively. The
dead time of the data acquisition system as well as the
veto time after the reset signals of the preamplifiers to-
tally account for 5.7% and 5.5% of the survival data for
the two detectors, respectively. The energy calibrations
were done with the zero point defined by the random
trigger events and K-shell X-ray peaks from the internal
cosmogenic radionuclides, 65Zn (8.98 keV) and 68,71Ge
(10.37 keV). The data analysis procedures for a single
detector was described in Ref. [16, 17], including energy
calibrations, pedestal cut, physics event selection and
bulk/surface event discrimination [18]. The slight cross-
talk between the two operating detectors is studied and
distinguished by the trigger time information. The coin-
cidence between these two detectors was proved to be too
low to be considered in this study. The dead layer thick-
nesses of these two detectors are set to 0.88±0.12 mm,
considering the same crystal size, crystal structure and
fabrication procedure as the CDEX-1B detector [19]. Fi-
nally, the physics data of 205.4 kg×day and 244.2 kg×day
are obtained from the C10-B1 and C10-C1, respectively.
The energy spectra of these two detectors after all
event selections and error estimation are shown in Fig.
1. The analysis thresholds are lowered to 160 eVee
(eVee represents electron equivalent energy derived from
a charge calibration) for the C10-B1 and 300 eVee for
the C10-C1. The energy peaks around 1.2 keVee are
identified as coming from the L-shell X-rays of the in-
ternal cosmogenic radionuclides. Besides, the event rates
are about 2.5 and 7.6 counts kg−1 keVee−1day−1 in 2-4
keVee energy range for these two detectors. The higher
energy threshold and background event rate make the
C10-C1 detector less sensitive to the solar dark photon,
so only 205.4 kg×day data of the C10-B1 detector are
used in solar dark photon analysis. For the dark photon
DM, however, we combine the data of these two detectors
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FIG. 1. The energy spectra of two CDEX-10 germanium de-
tectors.
to achieve a larger exposure of 449.6 kg×day.
Data analysis. A minimal-χ2 analysis method, follow-
ing our previous light WIMPs searching analysis [17, 20],
is applied to discover dark photon or determine the ex-
clusive limits on the effective kinetic mixing parameter κ
for different dark photon mass mV . The statistic χ
2 is
defined as Eq. (1).
χ2(mV , κ) =
∑
j=1,2
Nj∑
i=0
(ni,j − Si(mV , κ)−Bi,j)2
σ2stat,i,j + σ
2
sys,i,j
(1)
Where ni,j is the measured rate corresponding to the i-th
energy bin in j-th detector (j = 1 for C10-B1 and j = 2
for C10-C1), and Si(mV , κ) is the expected rate for cer-
tain dark photon mass mV and effective kinetic mixing
parameter κ. σ includes the statistical (stat) and system-
atical (sys) uncertainties with subscripts. Bi,j denotes
the background contribution assuming with a flat con-
tinuum plus several known background contributors, in-
cluding 68Ge (1.298 keV), 68Ga (1.194 keV), 65Zn (1.096
keV), 54Mn (0.695 keV) and 49V (0.564 keV), for C10-B1
[17]. However, the background assumption for C10-C1 is
slightly different since its background is described with a
linear continuum function.
Before deriving the constraints on dark photon ki-
netic mixing parameter κ for a certain dark photon
mass, we calculate the best estimator of κ by minimiz-
ing the χ2 and extract the minimal χ2 value. When
minimizing the χ2, the background contributions are re-
stricted to be physically allowed which should be non-
negative, but not restricting κ. However, we calculate
the upper limits at 90% confidence level (C.L.) with
χ2(mV , κ) = χ
2(mV , κˆ) + ∆χ
2 and adopt the ∆χ2 rec-
ommended in Ref. [21] which have taken negative esti-
mator into consideration. The upper limits for each mass
of dark photon are determined no matter that the best
estimator of κ is negative or positive, but the standard
3deviation of estimator of κ is calculated for determining
the significance of signals.
Solar dark photon. The most significant gamma source
seen on the Earth is the Sun and solar dark photon is
detectable for underground investigations or cosmologi-
cal observations. The solar dark photon flux received on
the Earth can be determined following the procedures
proposed in Ref. [22, 23]. The solar dark photon in this
study is assumed to be originated from the Stueckelberg
case with non-dynamical mass, and its differential flux
spectra in polarization functions are shown in Fig. 2 with
a certain mass and effective kinetic mixing parameter κ.
In addition, absorption of dark photon inside a detector
which generate electrons is similar to photoelectric effect.
Consequently, the absorption rate of dark photon inside
a germanium detector is related to their optical proper-
ties. The energy of dark photon is deposited locally due
to the short range of electrons inside detectors. The ex-
pected spectrum of the solar dark photon received by a
germanium detector is reconstructed with Eq. (2).
dR(E)
dE
=
M
ρ
E
mV
(
dΦT
dE
ΓT +
dΦL
dE
ΓL
)
BR (2)
Where M and ρ represent the mass and density of
the germanium crystal, respectively. mV is the mass
of dark photon while E is the energy of dark photon.
ΓT,L(mV , κ) denote for the absorption rate for the dark
photon with transverse or longitudinal polarization func-
tion.
dΦT,L
dE are the differential flux received on the Earth
with different polarization functions mentioned above,
and they are related to mV and κ. BR represents the
branching ratio of the photoionization to the total ab-
sorption and it equals to one until the mass of dark pho-
ton exceeds 300 eV [23]. For simplification, we ignore
the anisotropy of germanium crystal in this analysis. For
isotropic nonmagnetic materials, their polarization func-
tions can be deduced from materials’ optical refraction
index in Ref. [24]. Based on polarization functions, the
absorption rates of transverse and longitudinal dark pho-
ton are calculated according to the procedures described
in Ref. [22, 23, 25].
Substituting the absorption rate and the differential
flux of the solar dark photon into Eq. (2), one gets the
expected energy spectrum of the solar dark photon in a
germanium detector. Convolved with the energy resolu-
tion of the detector, the derived energy spectra of solar
dark photon with different masses and effective kinetic
mixing parameters κ are shown in Fig. 3.
We do not find any significant signal of solar dark pho-
ton since the best estimator of the κ is either negative or
less than one-fold of its standard deviation in the calcula-
tion. The upper limits on the κ of the solar dark photon
is set and depicted in Fig. 4, superimposed with results
from direct detection experiments and astrophysical ob-
servations.
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FIG. 2. The differential rate of dark photon from the Sun orig-
inated in stueckelberg case received on the Earth (mV = 10
eV, κ = 10−12). The dash line represents the transverse dark
photon, while that in solid line is the longitudinal dark pho-
ton.
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FIG. 3. The expected energy spectra of the solar dark photon
with different masses and effective kinetic mixing parameters
κ in CDEX-10 experiment.
The exclusive limits from this work are the most strin-
gent one for the solar dark photon, whose mass is between
10 eV and 300 eV, in the direct detection experiments to
date. According to the Eq. (2), the absorption rates
ΓT,L(mV , κ) determine the sensitivities of detectors on
solar dark photon. When energy is around several tens of
eV, and dark photon mass is 10 eV, the absorption rate of
germanium detectors is larger than xenon for longitudi-
nal solar dark photon. However, the differences between
that of transverse solar dark photon for germanium de-
tectors and xenon detectors is slight. In addition, the
longitudinal solar dark photon dominates the solar flux
when solar dark photon mass is less than several tens
of eV while the transverse solar dark photon dominates
when solar dark photon mass over several tens of eV.
The exclusive limits shown in Fig. 4 correspond to the
41 10 100 1000
mV (eV)
10−15
10−14
10−13
κ
HB
Sun
RG
CDEX-10 (this work)
An et al. (CoGeNT)
Bloch et al. (XENON10)
Bloch et al. (XENON100)
Bloch et al. (CDMSlite)
FIG. 4. Exclusive plots (90% C.L.) for κ as a function of the
dark photon mass. Results derived from direct detection ex-
periments, i.e. CoGeNT [23], XENON and CDMSLite [26],
are shown in solid lines. Those shadow regions are the results
from the astrophysical constraints including the Sun, horizon-
tal branch stars (HB) and the red giant (RG) [23, 27, 28].
.
conclusion drawn above. The germanium detector has
better sensitivity thanks to larger slopes of exclusive plot
when solar dark photon mass is around tens of eV. When
solar dark photon mass increases, the slopes of every ex-
clusive lines change due to the main component of solar
dark photon changed from longitudinal dark photon into
transverse dark photon. In addition, the 450 eV energy
threshold of CoGeNT [29] makes it is not sensitive to
longitudinal dark photon. Consequently, C10-B1 with
160 eVee energy threshold has better sensitivity on both
longitudinal and transverse dark photon.
Dark photon dark matter. In addition to the solar dark
photon, the dark photon DM is also a possible contribu-
tor in rare event searching experiments. According to the
DM density near the Earth under DM halo assumption
[30], the number density of dark photon DM is related
to its mass. Moreover, the dark photon DM should have
velocity at around hundreds of kilometer per second be-
cause of relative movement between the Earth and the
DM halo. Hence, in the calculation of energy deposition,
the kinetic energy of dark photon DM is negligible com-
pared with its mass. With the absorption rate of dark
photon DM derived in Ref. [22], the expected differen-
tial rates in the detector can be calculated with Eq. (3)
[31] and the expected spectra with different dark photon
masses, are shown in Fig. 5.
dR
dE
= V ρχκ
2Ir (3)
where V is the volume of a detector. Besides, ρχ denotes
for the local DM density (for this work, it is assumed to
be 0.3 GeV/cm3) and Ir represents the imaginary part
of the square of the refraction index for certain material
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FIG. 5. The expected energy spectra of dark photon DM
received by C10-B1 detector with different energies when
κ = 10−14. The profile of energy peaks is depicted by a dashed
line, similar to photon-electric cross section curve.
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FIG. 6. The constraints on the κ of dark photon DM (solid
red line) superimposed with the results from other direct DM
detection (dash lines). The results from CRESST-II phase-2
[9] are drawn in orange line. Besides, the constraints from
XENON-10, XENON-100 and CDMSlite [26] are also shown
in green, black and blue lines, respectively. The astrophysical
constraints from anomalous energy loss in the Sun, horizontal
branch stars (HB), and red giant stars (RG) are also shown
as shadow regions [31].
tabulated in Ref. [24].
No significant signal of dark photon DM is observed
either. Thus, the exclusive limits of κ on dark photon
DM from 0.1-4.0 keV are determined, which has a mini-
mum of 1.3×10−15 at 200 eV dark photon at 90% C. L.
as shown in Fig. 6 compared with results from previous
DM direct detection experiments and astrophysical ob-
servations. The components of the spectrum higher than
1 keVee are complicated, which is contributed by several
L-shell X-rays of cosmogenic radionuclides, e.g. 68Ge and
68Ga. Hence, the uncertainties increase and consequently
5there exists an oscillation at several keV.
Conclusion. In this letter, we present the results of
searching for dark photon based on the data from CDEX-
10 with the exposure of 205.4 kg×day from the C10-B1
detector and 244.2 kg×days from the C10-C1 detector.
A multi-detector joint analysis is implemented, which is
necessary for the coming 100-kg scale PPCGe detector ar-
ray experiment at CJPL-II [12]. A minimal χ2 method is
used in analysis and no significant signal has been found.
We set the most stringent direct detection limits on effec-
tive kinetic parameter κ for solar dark photon at masses
10 to 300 eV. New parameter space of κ for dark photon
DM is probed within 0.1-4.0 keV mass region as well.
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